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1
UNIVERSAL SOLDER JOINTS FOR 3D
PACKAGING

FIELD

The present disclosure relates to the physical sciences and,
more particularly, to electronic structures including solder
elements for creating electrical connections and methods of
fabrication thereof.

BACKGROUND

Electrical connections can be formed using microbumps in
three dimensional (3D) packaging via flip chip assembly
processes. The highly accurate alignment of structures to be
electrically connected by microbumps is generally required,
necessitating the use of expensive bonding tools and possibly
reducing throughput.

SUMMARY

A method provided in accordance with the principles
described herein includes obtaining a structure including a
wafer and a plurality of metal contact structures mounted to
the wafer, each of the metal contact structures having a top
surface. A coating comprising at least one of underfill mate-
rial and solder resist is deposited on the wafer, thereby encap-
sulating the metal contact structures. The coating on the wafer
is then cured. The method further includes forming a plurality
of passages through the coating such that a plurality of por-
tions of the top surface of each metal contact structure are
exposed, respectively, by a plurality of the passages and fill-
ing each of the passages with molten solder, the molten solder
forming solder structures contacting the exposed portions of
the top surfaces of each metal contact structure.

A further method includes providing a first electronic
device including a plurality of metal pillars, providing a sec-
ond electronic device including a plurality of electrically
conductive contact pads, one of the first and second electronic
devices including a cured coating comprising at least one of
underfill material and solder resist, a plurality of passages
extending through the coating, and a plurality of solder struc-
tures, each of the solder structures filling one of the passages,
the heights of the metal pillars being at least equal to the
heights of the solder structures. The method further includes
causing the first electronic device to contact the second elec-
tronic device such that the metal pillars are in opposing rela-
tion to the electrically conductive pads and a plurality of the
solder structures extend between each metal pillar and each
electrically conductive pad and bonding the first electronic
device and the second electronic device such that each of the
metal pillars is electrically connected to one of the opposing
electrically conductive pads by a plurality of solder struc-
tures.

An electronic device provided in accordance with the prin-
ciples described herein includes a wafer, a plurality of metal
pillars mounted to the wafer, each of the metal pillars having
a top surface, a coating on the wafer and encapsulating the
metal pillars, the coating having a contact surface and com-
prising underfill material, and a plurality of passages extend-
ing within the coating from the contact surface thereof to the
top surfaces of the metal pillars, each of the passages being
filled with solder structures, the height of each metal pillar
being at least equal to the height of each solder structure in
contact therewith, the top surface of each metal pillar con-
tacting a plurality of the solder structures, each of the solder
structures including an exposed end portion.
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As used herein, “facilitating” an action includes perform-
ing the action, making the action easier, helping to carry the
action out, or causing the action to be performed. Thus, by
way of example and not limitation, instructions executing on
one processor might facilitate an action carried out by instruc-
tions executing on a remote processor, by sending appropriate
data or commands to cause or aid the action to be performed.
For the avoidance of doubt, where an actor facilitates an
action by other than performing the action, the action is
nevertheless performed by some entity or combination of
entities.

Wafers and chip structures and fabrication methods as dis-
closed herein can provide substantial beneficial technical
effects. For example, one or more embodiments may provide
one or more of the following advantages:

Reduced chip-package interaction (CPI) stresses;

Improved heat transfer near heat-producing integrated cir-
cuits (ICs);

Facilitates use of a wide variety of solder materials;

Facilitates increased filler loadings in underfill materials;

Obviates necessity of high accuracy alignment;

Prevention of voiding within underfill coating between
electronic devices;

Facilitates fine pitch applications without bump bridging,
allowing larger numbers of inputs/outputs (I/Os) in a
given chip size or smaller chip size for given I/O num-
bers.

These and other features and advantages will become
apparent from the following detailed description of illustra-
tive embodiments thereof, which is to be read in connection
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-I show a flow diagram of steps employed in an
exemplary fabrication process;

FIGS. 2F-J show a flow diagram of steps employed in an
alternative exemplary fabrication process;

FIG. 3 is an enlarged, sectional view of an electronic struc-
ture shown in FIG. 11;

FIG. 4 is an enlarged, sectional view of an electronic struc-
ture shown in FIG. 217;

FIG. 5 is an enlarged, sectional view showing the rough
alignment of two electronic structures;

FIG. 6 is an enlarged, sectional view showing the assembly
of the two electronic structures shown in FIG. 5;

FIG. 7 is an enlarged, sectional view showing the assembly
of two alternative electronic structures;

FIG. 8 is an enlarged, sectional view showing a further
alternative structure after bonding and prior to underfill, and

FIG. 9 is an enlarged, sectional view showing a further
alternative structure.

DETAILED DESCRIPTION

Methods are disclosed herein for embedding ultra-fine
pitch (1-30 um) solder bumps in pre-applied underfill. The
bumps are employed to create universal solder joints that
provide electrical connections to, for example, copper pillars
without the use of high accuracy alignment and bonding
processes. The avoidance of such processes reduces assembly
time and cost. Exemplary structures amenable to flip chip
assembly processing, such as chips and wafers including
integrated circuits, are also disclosed.

Steps performed in an exemplary fabrication method are
shown in FIGS. 1A-11. A wafer 20 including an electrically
conductive seed layer 22 is shown in FIG. 1A. In some
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embodiments, the wafer further includes a passivation layer
and rows of electrically conductive I/O pads (not shown), the
seed layer being electrically connected to the I/O pads. An
electronic device layer(s) 24 such as an integrated circuit(s) is
incorporated in one or more embodiments and shown sche-
matically in the figures. The wafer may be comprised of
silicon, glass or other suitable composition. /O pads are
typically made from an electrically conductive material such
as copper or aluminum. The thin, electrically conductive seed
layer 22 is deposited on the wafer as shown in FIG. 1A,
forming an electrical connection with the underlying device
layer 24. The seed layer is comprised of a suitable metal(s)
such as copper or TiCu. Seed layer deposition techniques are
familiar to those skilled in the art.

A photoresist layer 26 is applied to the seed layer 22 as
schematically illustrated in FIG. 1B. The photoresist layer 26
may be applied as a coating or by laminating a dry film using
heat and pressure. Photoresist (PR) deposition and dry film
lamination are techniques known in the art for providing such
a layer. The photoresist layer 26 has a thickness between
1-200 pm in one or more embodiments, and more preferably
between 5-50 pm. The layer is patterned in the step shown in
FIG. 1C by subjecting the photoresist layer to light through a
mask (not shown) and removing developed or undeveloped
photoresist, depending on the type of photoresist employed.
Ifalaminated film is employed, a protective layer (not shown)
above the photoresist is removed shortly before photoresist
development. Selected portions of the photoresist above the
seed layer 22, following etching and washing, is removed. A
plurality of vertical channels 28 are accordingly formed, each
having a height corresponding to the thickness of the PR layer
26. Because the photoresist layer has a substantially uniform
thickness over the entire wafer, the channels 28 have a sub-
stantially uniform height. The channels 28 are formed over
1/0 pads (not shown) formed on the wafer 20 in embodiments
where such pads are employed.

As shown in FIG. 1D, a metal such as, though not neces-
sarily copper, is deposited over the seed layer 22 by electro-
plating, forming metal pillars 30 as surface contact structures
on the wafer. Electroplating is the preferred form of copper
deposition for forming pillars of sufficient height, particularly
for fine pitch applications. The deposition of copper paste is
an alternative to electroplating. The pillars are ideally sub-
stantially uniform in height, for example between about 5-60
um, and are substantially pure copper in some embodiments.
In practice, however, the heights of the metal pillars may not
be uniform. A twenty percent variation of pillar height in a
chip is possible. The photoresist layer 26 is stripped (etched)
away, followed by etching of the seed layer as shown in FIGS.
1E and 1F, respectively. The metal pillars 30 are cylindrical in
one or more embodiments. Pillars having rectangular, hex-
agonal or other cross sections are also feasible. The metal
pillars have a substantially higher melting point than the
melting point of solder materials used in electronic devices as
disclosed herein. The device layer 24 is electrically connected
to the metal pillars 30 via the seed layer 22.

An underfill coating 32 is applied to the structure obtained
following the fabrication step shown in FIG. 1F, thereby
obtaining the structure shown schematically in FIG. 1G. A
variety of thermosetting polymers such as epoxy materials are
conventionally employed with silica fillers as underfill mate-
rials. The underfill materials can be applied by methods such
as spin coating, screen printing, spraying, or lamination of a
film. The direct application of underfill to the wafer enables
the use of increased filler loadings that would otherwise
hinder underfill spreading. Silica, alumina, graphene,
graphene oxide, graphite, and boron nitride are among the
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filler materials that can be employed. Common capillary
underfill has about sixty percent (60%) by weight of silica
filler. Greater filler loadings between 60-90% may be
employed in one or more embodiments described herein.
Increased loadings in the underfill improve CPI reliability and
improve heat transfer near heat-producing ICs within the
watfer 20 or chips formed therefrom. Moreover, typical CPI
stresses formed during subsequent bonding operations are
minimized by applying and curing the underfill coating 32
before assembly. Curing of the underfill coating follows its
application to the wafer substrate and can be conducted in an
oven in accordance with conventional processing techniques.
Convection ovens are employed for curing the underfill coat-
ing 32 in some embodiments. Once cured, the underfill coat-
ing 32 is planarized to provide a planar top surface 25 as
shown in FIG. 1G. CMP (chemical mechanical polishing),
wet blasting, chemical etching, dry etching, and cutting with
a dicing saw are among the techniques that may be employed
for planarization. The metal pillars 30 remain completely
encapsulated by the underfill coating 32 following both depo-
sition and planarization.

Laser drilling through the underfill coating layer 32 causes
the formation of area-arrays of vertical passages 34 within the
layer down to the top surfaces of the metal pillars 30. In some
embodiments, the passages 34 are formed in parallel rows. As
shown in FIG. 1H, some of the passages expose the top
surfaces of the metal pillars. As discussed further below, the
passages have substantially smaller dimensions than those of
the pillars. The distance between passages is also substan-
tially less than the distance between pillars. Multiple parallel
passages accordingly intersect each pillar, as discussed fur-
ther below with respect to FIG. 3.

The passages 34 formed within the underfill coating layer
32 are filled with solder. In one or more embodiments, each
passage is injected with molten solder by a fill head (not
shown) that traverses the wafer. Rows of passages 34 can be
filled simultaneously. The passages are filled completely to
the tops with the molten solder, thereby ensuring uniformity
of height of the resulting copper/solder structures. No solder
flux is required nor is any employed in one or more embodi-
ments. The absence of flux prevents volume shrinkage. The
molten solder is directly injected into the channels in a low
oxygen environment, preferably less than 10,000 ppm in a
nitrogen environment. Alternatively, a forming gas environ-
ment including nitrogen and hydrogen may be employed (e.g.
90% N,, 10% H,). The solder solidifies as shown in FIG. 11,
also in a low oxygen environment, forming solder structures
36 also known as solder bumps. The bumps preferably extend
over the tops of the channels as shown. Some of the solder
structures 36 contact the metal pillars 30 while others are
formed between the metal pillars. The metal pillars 30 remain
solid during solder injection due to their relatively high melt-
ing points. The injection of molten solder into cavities is
familiar to those of skill in the art. Commonly assigned U.S.
Pat. No. 8,492,262 entitled “Direct IMS (Injection Molded
Solder) Without a Mask for Forming Solder Bumps on Sub-
strates” and U.S. Pat. No. 7,931,187 entitled “Injection
Molded Solder Method for Forming Solder Bumps on Sub-
strates” are expressly incorporated herein by reference.

One or more embodiments of the invention may employ
almost any kind of solder, including ternary and quaternary
solder compositions. Eutectic SnPb and Pb-free solder (for
example, pure Sn, SnAg, SnCu, SnBi, Snln, SnAu, SnAgCu,
InSnBi, or SnAgCuZn) are non-limiting examples of suitable
solders. When the solder is injected into the passages 34, the
temperature of solder is above its melting temperature but
below the melting temperature of the metal pillars. The oxy-
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gen concentration in the nitrogen environment is preferably
less than 10,000 ppm. The nitrogen does not have to be
perfectly pure and the forming gas does not have to have the
exact composition as described elsewhere herein. The solder
is cooled in a timely manner to minimize or prevent degrada-
tion of the underfill material. The environment in which IMS
and solder solidification occurs allows formation of struc-
tures such as shown in FIGS. 11 and 3, respectively, in one or
more exemplary embodiments.

FIG. 3 provides a greatly enlarged illustration of a portion
of the structure shown in FIG. 11 and exemplary relative
dimensions. In exemplary embodiments wherein both the
metal pillars 30 and solder structures are substantially cylin-
drical, the diameters “a” of the metal pillars 30 exceed the
diameters “c” of the solder structures 36 by at least 5:1. Pillar
diameters may range from 0.5 pm to 100 pm while bump
(solder structure) diameters may range from 0.1-20 um. The
surface areas of the top surfaces of the metal pillars 30 greatly
exceed the contact areas between the metal pillars 30 and the
solder structures regardless of pillar configuration, allowing
the top surface of each metal pillar to contact a large number
of'solder bumps. In one or more exemplary embodiments, the
surface area of each pillar 30 exceeds the contact area of each
solder bump by at least 25:1. The heights “b” of the pillars
exceed the heights “d” of the solder bumps (solder structures
36) in one or more embodiments, and by at least 2: 1 for one or
more exemplary cylindrical and non-cylindrical structures,
though ratios as low as 1:1 could be feasible in some appli-
cations where the metal pillars 30 are less than ten microns in
height. A ratio of pillar height to solder structure height
between 1:1 and 2:1 is practical in embodiments where the
pillar height is between 10-20 pum. The tops of the bumps form
round surfaces due to surface tension of the solder and extend
slightly above the top surface of the underfill layer. Multiple
electrical connections to each pillar 30 are accordingly
formed by the solder bumps 36. In one or more embodiments,
atleast ten solder bumps are fully formed on each metal pillar.
Additional solder bumps may partially contact the top sur-
faces of the pillars in addition to those in full contact there-
with.

An alternative exemplary process is shown in FIGS. 2F-2J.
The structure shown in FIG. 1F is identical to that shown in
FIG. 2F and can be fabricated in the same way. Referring to
FIG. 2G, an underfill coating 32 is applied to the wafer 20 and
cured as discussed above. The underfill coating is then pla-
narized as discussed above, removing sufficient material to
expose the top surfaces of the metal pillars 30. In contrast, the
metal pillars remain encapsulated following planarization in
the method described with respectto FIGS. 1A-11. A polymer
coating 40 is deposited on the structure obtained following
the step described with respect to FIG. 2G. The polymer
coating 40 includes a low filler content or no filler in some
embodiments. The polymer coating may comprise the same
polymer compound(s) found in the underfill coating layer 32
or different compound(s). The polymer coating is cured to
provide a planar top surface 42 as shown in FIG. 2H. The
thickness of the planarized polymer coating layer is engi-
neered to correspond to the desired heights of the later-
formed solder bumps. In some embodiments, a photosensi-
tive material is employed to form the polymer coating 40. In
other embodiments, solder resist material is employed to
form the polymer coating 40.

As shown in FIG. 21, laser drilling is employed to form area
arrays of passages 44 that extend through the polymer coating
40. Some of the passages 44 expose the top surfaces of the
metal pillars 30. As discussed further below, the passages
have substantially smaller dimensions than those of the pil-
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lars. The distance between passages is also substantially less
than those between metal pillars. Multiple passages accord-
ingly intersect each pillar, exposing multiple portions of each
pillar top surface. In embodiments wherein the polymer coat-
ing 40 is photosensitive, the coating is patterned and a
TMAH-based (tetramethylammonium hydroxide) developer
is employed to form the passages 44.

The passages 44 formed within the polymer coating layer
40 are filled with solder. Each passage is injected with molten
solder by a fill head (not shown) that traverses the wafer. The
passages are filled completely to the tops with the molten
solder as described above with respect to FIGS. 1A-11,
thereby ensuring uniformity of height of the resulting metal/
solder structure. The molten solder is allowed to harden,
forming the structure including solder structures 36 as shown
in FIG. 2J. The wafer can be diced to obtain individual chips
in some embodiments.

FIG. 4 provides a greatly enlarged illustration of a portion
of the structure shown in FIG. 2J. The exemplary relative
dimensions discussed above with respect to FIG. 3 also apply
to the embodiment of FIG. 4. The tops of the bumps form
round surfaces due to surface tension of the solder and extend
slightly above the top surface of the polymer layer. Multiple
electrical connections to each pillar 30 are accordingly
formed by the solder bumps 36. The employment of a multi-
layer underfill coating as disclosed facilitates laser drilling.
Such drilling is more easily conducted through an underfill
layer having low filler loading or without filler. As discussed
above, relatively high filler loading is often beneficial for
various reasons, particularly in proximity to heat-generating
integrated circuits that may be present in an electronic device.
The present approach provides the benefits of high filler load-
ing where it is most beneficial while allowing efficient laser
drilling to provide the passages 44 for later solder deposition.
The excimer ablation process may be employed for ablating/
removing underfill whether or not it includes filler. While
organic filler would have little impact on ablation, inorganic
filler can impact the ablation process. In the case of inorganic
filler, the filler can inhibit effective ablation if the underfill
particles become too large, too agglomerated, or if the loading
becomes too high. If filler is employed, particles should be
smaller than the features being ablated. Inorganic particles
that are too large could impact the correct formation of struc-
tures whereby the entire particle is removed (leaving a crater
in the underfill) or the entire particle remains in place, block-
ing a portion of the ablated via. Factors such as flocculation
and/or high particle loading favorably can increase the abla-
tion rate so long as sufficient fluence is applied. If agglom-
eration or particle loading occurs in such a manner as to
exclude organic material between particles, ablation could be
halted.

FIG. 5 schematically illustrates the rough alignment of a
top electronic device 50, which may be either a chip or wafer,
with a bottom electronic device 60 that also may be a chip or
wafer. In one or more exemplary embodiments, either or both
devices 50, 60 comprise one or more integrated circuits. The
top device 50 is formed substantially as described above with
respect to FIGS. 1A-I and 3. The device 50 includes mostly
the same elements as shown in FIG. 3; the same reference
numbers are employed to designate similar elements found in
both FIGS. 3 and 5. The device 50 further includes a metal
layer 52 connecting two metal pillars 30. The metal layer 52
is formed during BEOL (back end of line) processing familiar
to those of skill in the art. The bottom device 60 includes a
base 62, a metal layer 64, electrically conductive contact pads
66, and a thin layer 68 of underfill material. The underfill
material in the thin layer 68 does not include fillers. It overlies
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the exposed portions of the base 62, the metal layer 64, and the
contact pads 66. As shown in FIG. 5, the metal pillars 30 are
not perfectly aligned with the contact pads 66.

FIG. 6 schematically illustrates an assembled structure 65
including the top and bottom devices 50, 60 following ther-
mal compression bonding. In an exemplary process,
mechanical force is applied to the top device, for example a
die, and heat is provided to melt the solder bumps. In embodi-
ments where underfill material overlies contact pads 66, as
shown in FIG. 5, sufficient heating is employed to reduce the
viscosity of the underfill material so that it can flow outwardly
from the areas of contact between the solder bumps 36 and the
contact pads 66. Following alignment as shown in FIG. 5, the
top structure (e.g. chip) descends until the chip contacts the
top surface of the bottom device 60. Force is applied during
the heating of one or both of the devices 50, 60, prior to the
melting of solder. The material comprising the layer 68, hav-
ing low viscosity, is displaced away from the areas above the
contact pads 66 as pressure is exerted via a mechanical force
on the top device 50. Upon melting of the solder, an electrical
connection is established between the top and bottom devices
as the solder electrically connects the metal pillars 30 of the
top device with the contact pads 66 of the bottom device 60.
The mechanical force is removed and the required gap
between the top and bottom devices is adjusted as necessary
while the solder is molten. The assembled structure 65, which
comprises an electronic module in one or more embodiments,
is then cooled. As the underfill coating layer 32 containing the
solder is cured, the solder therein does not collapse or flow
laterally in a manner that would lead to electrical shorting.
The solder volume in each passage 44 is also too small to
cause unwanted electrical shorting. Displacement of underfill
material is unnecessary in embodiments where neither the
solder bumps nor the contact pads are covered by underfill
material. In other exemplary embodiments, compression at
100° C. and mass reflow are employed to effect bonding and
the formation of solder joints.

A further exemplary structure 70 is schematically illus-
trated in FIG. 7. The top device 50 is the same as that shown
in FIG. 5. The bottom device includes relatively large contact
pads 74 that increase the alignment tolerances of the devices.
The contact pads are in electrical contact with metal layer(s)
72 in the bottom device. Unlike the bottom device 60 shown
in FIGS. 5 and 6, the contact pads 74 are not covered by an
underfill layer. The exemplary structure can accordingly be
assembled substantially as described with respect to FIGS. 5§
and 6 other than the displacement of such an underfill layer.

FIG. 8 illustrates a further alternative structure including
top and bottom electronic devices 80, 90. The top device 80,
such as a chip or wafer, is obtained in substantially the same
manner described above with respect to FIGS. 1A-1F. The
bottom device 90 includes a base 92 that may comprise an
organic laminate and a plurality of electrically conductive
pads 94 formed on the base 92. The pads 94 function as
contact structures and are electrically connected to one or
more integrated circuits within the base 92 in some embodi-
ments. A thin layer 96 of underfill containing no fillers is on
the base. Alternatively, the thin layer 96 is a solder resist layer
or acombination of underfill and solder resists layers wherein
the solder resist layer adjoins the conductive pads 94 of an
organic laminate. Passages are formed in the layer 96 subse-
quent to curing and prior to positioning ofthe top device 80 on
the bottom device 90. As described above with respect to
FIGS. 1H, 21 and 4, laser drilling can be employed to form the
passages in the layer 96. The passages, which expose surface
portions of the contact pads 94, are subsequently filled with
molten solder as described above. Solder structures 98 within
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the passages contact the metal pillars 30 and the electrically
conductive pads 94, providing electrical connections between
them. In one or more embodiments, the heights of the metal
pillars 30 are more than twice the heights of the solder struc-
tures 98. The surface area of each electrically conductive pad
greatly exceeds each area of contact between each solder
structure 98 and each pad. In one or more embodiments, at
least five (5) solder structures 98 contact each electrically
conductive pad 94. At least two (2) solder structures 98 con-
tact each metal pillar 30 in one or more embodiments. As
discussed above, the passages in which solder is deposited
can be formed in the layer 96 of underfill and/or solder resist
material by laser drilling. Molten solder can subsequently be
injected into the passages. The top and bottom devices 80, 90
are bonded via thermal compression or other suitable process.
The space between devices is subsequently filled with under-
fill material (not shown) containing fillers.

FIG. 9 illustrates a further exemplary assembly 100 of top
and bottom electronic devices similar to the assembly 65
shown in FIG. 6. The same reference numerals are employed
to designate similar elements present in both assemblies. In
the assembly 100, the solder bumps 36 are wet to the contact
pads 66. In the assembly 65 shown in F1G. 6, the solder bumps
36 touch the contact pads 66, but are not connected. An
intermetallic layer 102 is formed on the contact pads 66 by the
solder bumps 36 of the assembly 100, connecting the solder
bumps that are aligned with the contact pads. The solder
bumps aligned with the underfill layer 68 remain uncon-
nected as the solder only wets on the contact pads 66. The top
and bottom devices 50, 60 can be subjected to thermal com-
pression bonding or compression at 100° C. and mass reflow
to obtain the assembly 100 (e.g. an electronic module) shown
in FIG. 9. The contact pads 66 should be substantially oxide-
free to facilitate wetting. In some embodiments, the solder
bumps 36 are comprised of tin-based, lead-free materials and
the contact pads are copper. An exemplary intermetallic layer
in such embodiments includes CugSns and Cu,Sn. In other
exemplary embodiments wherein the contact pads are nickel,
a Ni;Sn, intermetallic layer 102 is formed.

Given the discussion thus far and with reference to the
exemplary embodiments discussed above and the drawings, it
will be appreciated that, in general terms, an exemplary elec-
tronic device is provided that includes a wafer, a plurality of
metal pillars 30 mounted to the wafer, each of the metal pillars
having a top surface, an underfill coating 32 on the wafer and
encapsulating the metal pillars, the underfill coating having a
contact surface, and a plurality of passages extending within
the underfill coating from the contact surface thereof to the
top surfaces of the metal pillars. Each of the passages is filled
with solder structures 36, the height of each metal pillar being
at least equal to the height of each solder structure in contact
therewith. The top surface of each metal pillar contacts a
plurality of the solder structures. Each of the solder structures
includes an exposed end portion. FIGS. 11 and 2J schemati-
cally illustrate exemplary devices. In some embodiments, the
top surface of each metal pillar 30 contacts at least ten solder
structures 36. Each metal pillar 30 has a diameter at least five
times greater than the diameters of each of the solder struc-
tures 36 in contact therewith in some embodiments, as shown
in FIG. 3. Each metal pillar may further have a height that is
at least twice the height of each solder structure in contact
therewith. In one or more embodiments, each solder structure
36 contacts the top surface of each metal pillar 30 in a contact
area, the top surface of each metal pillar 30 having a surface
area at least twenty-five times greater than each contact area.
In some embodiments, the underfill coating includes a first
layer 32 containing filler material and a second layer 40
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adjoining the first layer, the second layer of underfill coating
having a substantially lower filler material content than the
first layer, the plurality of passages 44 extending through the
second layer 40 of the underfill coating. In other embodi-
ments, the second layer 40 comprises solder resist material.
An exemplary embodiment of a device including first and
second underfill layers is described above with respect to
FIGS. 2] and 4. In some embodiments, the device further
includes an electronic assembly 60 comprising a plurality of
electrically conductive contact pads 66, each of the metal
pillars 30 being electrically connected to one of the contact
pads by a plurality of the solder structures 36. Exemplary
structures are shown in FIGS. 6, 7 and 9. Further exemplary
devices provided in accordance with the principles of the
disclosure, such as the electronic device 90 and its assembly
with a top chip or wafer, are described above with respect to
FIG. 8.

An exemplary method includes obtaining a structure
including a wafer 20 and a plurality metal contact structures
such as metal pillars 30 or electrically conductive contact
pads 94 mounted to the wafer, each of the metal contact
structures having a top surface. A coating comprising at least
one of underfill material and solder resist 32, 40, 96 is depos-
ited on the wafer, thereby encapsulating the metal contact
structures, such as shown in FIGS. 1G and 2H. Passages are
formed through the coating such that a plurality of portions of
the top surface of each metal contact structure are exposed,
respectively, by a plurality of the passages 34 and 44, such as
shown in FIGS. 1H and 21, respectively Each of the passages
is filled with molten solder, the molten solder forming solder
structures 36 (98 in FIG. 8) contacting the exposed portions of
the top surfaces of each metal contact structure 30, 94. Exem-
plary electronic devices including solder structures are shown
in FIGS. 3 and 4. In some embodiments wherein the metal
contact structures are metal pillars, the height of each metal
pillar is at least twice the height of each solder structure in
contact with the top surface thereof in one or more exemplary
embodiments. In further embodiments, each metal pillar 30
has a diameter at least five times greater than the diameters of
each of the solder structures 36 in contact with the top surface
thereof. In some embodiments, an underfill coating is depos-
ited in two layers as shown in FIGS. 2G and 2H, a first layer
32 containing filler material and a second layer 40 adjoining
the first layer, the second layer of underfill coating having a
substantially lower filler material content (and possibly no
filler material content) than the first layer, the plurality of
passages 44 extending through the second layer of the under-
fill coating. The electronic device formed by one or more of
the exemplary methods is bonded to a second electronic
device. By applying and curing the underfill coating before
bonding the second electronic device, typical CPI stresses can
be reduced.

A further exemplary method includes providing a first elec-
tronic device including a plurality of metal pillars and a
second electronic device including a plurality of electrically
conductive contact pads. One of the first and second elec-
tronic devices includes a cured coating comprising at least
one of underfill material and solder resist, a plurality of pas-
sages extending through the coating, and a plurality of solder
structures. Each of the solder structures fills one of the pas-
sages. The heights of the metal pillars are at least equal to the
heights of the solder structures. The method further includes
causing the first electronic device to contact the second elec-
tronic device such that the metal pillars are in opposing rela-
tion to the electrically conductive pads and a plurality of the
solder structures extend between each metal pillar and each
electrically conductive pad and bonding the first electronic
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device and the second electronic device such that each of the
metal pillars is electrically connected to one of the opposing
electrically conductive pads by a plurality of solder struc-
tures. In some embodiments, the method further includes the
steps of forming and curing an underfill coating on the first
electronic device, forming the passages extending through
the underfill coating 32 or 40, and filling the passages with
solder prior to bonding the first and second electronic devices.
In other embodiments, such as described above with respect
to FIG. 8, the method further includes the steps of forming
and curing the solder resist and/or underfill coating 96 on the
second electronic device 90, forming the passages extending
through the coating to the contact pads 94, and filling the
passages with solder prior to bonding the first and second
electronic devices.

Those skilled in the art will appreciate that the exemplary
structures discussed above can be distributed in raw form or
incorporated as parts of intermediate products or end prod-
ucts that benefit from the application of flip chip technology.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises” and/or “com-
prising,” when used in this specification, specify the presence
of'stated features, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, steps, operations, elements, components,
and/or groups thereof. Terms such as “above” and “below”,
“top” and “bottom” are used to indicate relative positioning of
elements or structures to each other as opposed to relative
elevation.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the various embodiments has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the forms disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the art
without departing from the scope and spirit of the invention.
The embodiments were chosen and described in order to best
explain the principles of the invention and the practical appli-
cation, and to enable others of ordinary skill in the art to
understand the various embodiments with various modifica-
tions as are suited to the particular use contemplated.

What is claimed is:

1. A method comprising:

obtaining a structure including a wafer and a plurality of

metal contact structures including metal pillars mounted
to the wafer, each of the metal pillars having a top
surface;

depositing a coating comprising underfill material contain-

ing filler material on the wafer, thereby encapsulating
the metal pillars;

curing the coating on the wafer;

forming a plurality of passages through the coating such

that a plurality of portions of the top surface of each
metal pillar are exposed, respectively, by a plurality of
the passages, and

filling each of the passages with molten solder, the molten

solder forming solder structures contacting the exposed
portions of the top surfaces of each metal pillar.

2. The method of claim 1, wherein forming the plurality of
passages includes laser drilling through the coating.
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3. The method of claim 1, wherein the height of each metal
pillar is at least equal to the height of each solder structure in
contact with the top surface thereof, and the underfill material
comprises a thermosetting polymer and the filler material
includes silica, alumina, graphene, graphene oxide, graphite
or boron nitride.

4. The method of claim 3, wherein each metal pillar has a
diameter at least five times greater than the diameters of each
of'the solder structures in contact with the top surface thereof
and a height greater than the heights of each of the solder
structures in contact with the top surface thereof.

5. The method of claim 3, further including forming the
passages such that at least ten portions of the top surface of
each metal pillar are exposed.

6. The method of claim 3, wherein the step of depositing
the coating includes depositing a first underfill layer contain-
ing the filler material and a second underfill layer adjoining
the first underfill layer, the second underfill layer having a
substantially lower filler material content than the first under-
fill layer, the plurality of passages being formed through the
second underfill layer.

7. The method of claim 1, further including providing an
electronic assembly comprising a plurality of electrically
conductive contact pads and electrically connecting one or
more of the metal pillars to one or more of the contact pads via
the solder structures by reflowing the solder structures within
the passages, each electrical connection of one of the metal
pillars with one ofthe contact pads including a plurality of the
solder structures.

8. A method comprising:

providing a first electronic device including a plurality of

metal pillars;

providing a second electronic device including a plurality

of electrically conductive contact pads, one of the first
and second electronic devices including a cured coating
comprising at least one of underfill material and solder
resist, a plurality of passages extending through the coat-
ing, and a plurality of solder structures, each of the
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solder structures filling one of the passages, the heights
of the metal pillars being at least equal to the heights of
the solder structures;

causing the first electronic device to contact the second

electronic device such that the metal pillars are in oppos-
ing relation to the electrically conductive pads and a
plurality of the solder structures extend between each
metal pillar and each electrically conductive pad, and
bonding the first electronic device and the second elec-
tronic device by reflowing the solder structures within
the passages such that each of the metal pillars is elec-
trically connected to one of the opposing electrically
conductive pads by a plurality of the solder structures.

9. The method of claim 8, wherein each metal pillar has a
diameter at least five times greater than the diameters of each
of the solder structures electrically connected thereto and a
height greater than the heights of each of the solder structures
electrically connected thereto.

10. The method of claim 8, wherein the coating includes an
underfill coating layer containing filler material, further
including the steps of forming and curing the underfill coating
layer on the first electronic device and encapsulating the
metal pillars, forming the passages through the underfill coat-
ing layer such that some of the passages expose top surfaces
of the metal pillars and others of the passages are located
between metal pillars, and filling the passages with solder
prior to bonding the first and second electronic devices.

11. The method of claim 8, wherein the coating includes a
cured underfill first layer on the first device containing filler
material and a second polymer layer adjoining the first layer,
the metal pillars extending through the first layer, the plurality
of passages extending through the second layer, the solder
structures within the passages electrically contacting the
metal pillars.

12. The method of claim 8, further including the steps of
forming and curing the coating on the second electronic
device, forming the passages extending through the coating to
the contact pads, and filling the passages with solder prior to
bonding the first and second electronic devices.
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